INTRODUCTION
Soil, as a differentiated subject, is implicated in many ordinary operations in which its complexity often is neglected. However, an effective determination of the different soil properties and the corresponding soil texture is crucial for a proper soil management. Regarding subsurface geothermal systems, a precise knowledge about the thermal conductivity and the water content of the soil is essential in order to make convenient recommendations on the feasibility of a planned geothermal project (Bertermann et al., 2014; 2015; Dehner, 2007) . A good knowledge and a wider understanding of the subsurface soil material and its exploration are important not only for shallow geothermal installations. In general, soil properties e.g. water content or bulk density are important for many other utilisations like agricultural issues (Grisso et al., 2009) , flood protection (Hümann et al., 2011; Sangati et al., 2009; Saxton and Rawls, 2006) or dealing with natural hazards (Malehmir et al., 2016) . From geoelectrical measurements the actual soil conditions being on-site can be derived, which is used within various applications (Loke et al., 2013; Samouelian et al., 2005) . To save time it is attempted to analyse pedological issues directly on-site. With the fast and non-invasive ERT method these cost-efficient investigations over a huge area are possible, but due to the fact that the electrical as well as the thermal conductivity of the ground is based on several factors, a distinct assignment is often tricky.
Friedman (2005) divides many of those factors which are supposed to have an impact on the electrical conductivity (EC) into three categories. Within the first 'bulk soil' category porosity, water content, and soil structure matters. The factors of the second category are the 'relevant solid particle quantifiers' and the third category includes the 'soil solution attributes'. Despite all these different factors within these categories the water content (θ) remains as a major influencing factor regarding the EC (σ). This corresponds to Archie law Eq. 
where: the subscript b denotes the brine or bulk solution,  is the porosity and a, m and n are fitting parameters (Ewing and Hunt, 2006) . Due to this relationship the electrical conductivity can be used for evaluating volumetric water content (Friedman, 2005; Sheets and Hendrickx, 1995) . The apparent soil electrical conductivity can be influenced by soluble salts, clay content, mineralogy, soil water content, bulk density, organic matter, and soil temperature (Bai et al., 2013; Corwin and Lesch, 2005) . Therefore, the electrical conductivity can also be used to map several pedological properties. Nevertheless, Eq. (2) after Rhoades et al. (1976) describing the apparent electrical conductivity (EC a ) includes in a simplified manner just the water content and the grade of saturation as well as the bulk density (Corwin and Lesch, 2005) :
within the Eqs (2)-(7) θ W , θ WS , and θ SS are the different volumetric water contents: the total water content, the water content of the soil-water pathway, and of the surface-conductance. EC WS , EC WC , EC SS and EC SC , are the specific ECs of the soil-water pathway, of the continuous-liquid pathway, of the surface-conductance and of the indurated solid phases, respectively. Within the following approximations EC W is the average EC of the soil water and EC E is the EC of the saturation extract. Furthermore P W is the gravimetrical water content, S P the saturation percentage and ρ b is the bulk density (Rhoades et al., 1999; Corwin and Lesch, 2005) :
These simplifying approximations (2) -(6) are reliable except under extremely dry soil conditions (Corwin and Lesch, 2005) .
One of the key parameters for the performance of horizontal geothermal systems is the thermal conductivity of the soil. This parameter has a huge impact on the economic efficiency of an installed very shallow geothermal system (Bertermann et al., 2014) . Thermal conductivity is mainly driven by the texture respectively the structure of the soil body and its mineralogy within the first few meters of the ground (Logsdon et al., 2010) . Amongst other factors like organic matter, the most relevant parameters are bulk density, soil moisture, and grain size distribution (AbuHamdeh, 2003; Abu-Hamdeh and Reeder, 2000; Farouki, 1981) . Due to the comparatively few inlet parameters (Bertermann et al., 2014) , one of the most commonly used formulas to determine the thermal conductivity (λ) are the Eqs (8), (9) according to Kersten (1949) . The granulometry is considered within the two different formulas for soil under unfrozen conditions; one for sandy soil (Eq. (8)) and one for silt and clay soils (Eq. (9)). Within the following equations the relationship provided by Eq. (3) is used to constrain the inlet parameters, by reducing them to the bulk density (ρ b ) and the total volumetric water content (θ W ):
Most of the mentioned soil parameters like mineralogy, grain size distribution, soil moisture, and bulk density are affecting thermal and electrical conductivity (Logsdon et al., 2010; Sreedeep et al., 2005) . In this context Singh et al. (2001) expressed a general relationship Eq. (10) between both conductivities or in this particular case between the electrical ρ E and thermal resistivity ρ T with a multiplier C R which depends on the sum of the sand size fraction and with that on the grain size distribution.
(10)
In order to analyse pedological properties referring to electrical and thermal resistivity in a homogenous setting with known and controlled soil attributes a laboratory concept is needed. Several similar approaches have been carried out (Liu et al., 2013; Logsdon et al., 2010; Rhoades et al., 1976; Singh et al., 2001; Sreedeep et al., 2005) . Many approaches had their focus on one soil type like clay (Giao et al., 2003; Kaufhold et al., 2014) or on the heat propagation within porous media and usually the analyses are carried out only in dependence of the water content (Giordano et al., 2013) . Most of them are small-scale laboratory configurations, which barely allow comparing/ comparison of geoelectrical measurements on a laboratory scale with ERT field data. To achieve real electrical conductivity values, by measuring on a small scale or with small specimens, the electrical conductivity needs to be calibrated (Bai et al., 2013; Kaufhold et al., 2014) . Due to the lack of a normalised specification (Giao et al., 2003; Giordano et al., 2013) and the different focus, all these approaches are in a different shape.
MATERIALS AND METHODS
Within this study a laboratory concept for measuring electrical and thermal conductivity of soil in a transferable way regarding in situ measurements was created. The measurements were carried out in dependence of the soil properties with the seemingly highest impact on electrical and thermal conductivity. Derived from the approximations made in Eqs (3)-(7) and the Eqs (8)-(9) the concerned properties are the water content and the bulk density. Based , on these outcomes within this study electrical conductivity, thermal conductivity, gravimetric and volumetric water content, bulk density, and temperature of the analysed soil material have been measured in dependence of the water content and the bulk density. Additionally the granulometry was carried out with a subsample of the used soil material (Fig. 1) .
A standardised concrete mixer (140 l, 26.6 RPM, 650 W) was used to ensure that the measured material is homogeneous. By using the mixer, a sufficient amount of material of different soil mixtures or grain sizes can be prepared and mixed with water to a precise saturation level. A commercially available spray flask was used in order to add water disperse and widespread into the mixer. The mixed material was put into a plastic box (EF 6320) with an internal dimension of 55.2x35.2x29.5 cm and a volume of 63.7 l. To generate EC values in the laboratory, which are comparable with data measured in the field, boundary effects of the rim and the bottom of the box have to be avoided. Due to some first tests with small-scale devices and according to Kaufhold et al. (2014) the volume of the testing material of around 50 l was determined to build up real half space conditions like in the field by avoiding boundary effects with the plastic test box. On the flattened surface of the mixed soil material, which is filled in the box, the measurements regarding the above mentioned soil parameters can be performed. For the EC measurements a four point electrode configuration by using the Wenner array ( Fig. 2 ) was compiled (Dahlin and Loke, 1998; Dahlin and Zhou, 2004; Okpoli, 2013) .
The electrical conductivity was gained by the geoelectrical measurement device 4point light from the Lippmann Geophysikalische Messgeräte (LGM) Company. For the laboratory configuration a small device with a spacing of 5 cm and a penetration depth of the electrodes of 2 cm was defined as the most expedient solution. To avoid the mentioned boundary effects, a small spacing was used and the geoelectrical device was positioned in the middle of the soil surface inside the box to fulfil a minimum distance of 15 cm to each side. In order to cover more soil material by one measurement a spacing of 5 cm is used although a smaller spacing often is suggested for these small scale laboratory devices (Kaufhold et al., 2014) . The 2 cm penetration depth of the electrode tips was selected because of a guaranteed contact to the soil material even on a slightly uneven surface.
The thermal conductivity was observed with TR-1 probes of the thermal properties analyzer KD2 Pro device of the Decagon Devices Inc. (2016) . These probes were positioned near the two current electrodes from the electrical conductivity device. The thermal conductivity presented in this study is always the average of the measurements determined by two TR-1 probes. The temperature was measured with the same device. Due to the volume of 50 l testing material it was practicable to insert the 10 cm TR-1 probe of the KD2 Pro device without interference of the test box. The dimensions of the TR-1 sensor are in conformity to the specifications for the laboratory probe described in IEEE 442 'Guide for Soil Thermal Resistivity Measurements' and in ASTM 5334 'Standard Test Method for Determination of Thermal Conductivity of Soil and Soft Rock by Thermal Needle Probe Procedure' (Decagon Devices Inc., 2016).
The sampling and the determination of the bulk density was performed in accordance with DIN 18125_2 using a cutter cylinder. Due to the invasive way of sampling with the cutter cylinder, expressed by destroying the surface of the soil in the test box, it was used at the end of each measurement cycle. Within the bulk density measurements the moisture content was defined by oven drying in accordance with DIN 18121. After one measurement cycle the bulk density was increased by the next pressure load. According to the classification for the bulk density (Table 1) Within each saturation step the mentioned parameters were measured four times regarding the four consolidation steps adjusted by four different pressure loads of 75, 1 000, 3 000, and 5 000 kg. These analyses were carried out for four bulk densities within each saturation step from approximately dry (related to the dead water content) to full saturated. The pressure load was added with a workshop press (max load 20 000 kg) after each measurement cycle. At the end of each measurement cycle all measurement tools and probes have been removed to clear the soil surface for the stamp of the press. The stamp has to cover the whole surface to guarantee an uniform distribution of the pressure load. For the first attempt with this laboratory setup a silt loam soil mixture from a test site near Hameln (Lower Saxony, Germany) was used (Fig. 3) . Within this study the set values of the gravimetrical water content were 5, 7.5, 10, 12.5, 15, 17.5, 20, 22.5, and 25%. Hence, 9 different saturation steps or rather 36 measurement cycles were performed.
Under the assumption that the soil particle density (ρ 0 ) is around 2.65 g cm -³, the porosity  (Eq. (11)) and the amount of saturated pore volume S P (Eq. (12)) can be determined by including the measured bulk density ρ d (Andersland and Anderson, 1978) as well as the volumetric water content θ W .
(11) (12)
To generate EC values comparable to other data, EC is expressed at a reference temperature of 25°C (Eq. (13)) using a temperature conversion factor ƒ t (Eq. (14) The measurements with this laboratory setup (Table 2) were carried out until a grade of saturation in which no further consolidation but only displacement of the soft soil material was possible. As a result the determined amount of saturated pore volume within the last step of saturation was 94.9 and 96.9% (Table 2 ). This reflects an approximately full saturated status of the soil material. Due to the soft soil material within the last saturation step, no compaction could be achieved. Consequently, in the last saturation step of the set water content value of 25% mass. was neglected in further investigations.
Within the correlations (Fig. 4) between the two types of conductivity and the two soil properties, water content and bulk density, there are significant dependencies. The water content has a major influence on the electrical conductivity with R² = 0.93. With a correlation coefficient of R² = 0.72 the water content has a strong impact on the thermal conductivity, as well. Though the bulk density seems to have the same impact on the thermal conductivity (R² = 0.72) as the water content. In contrast, the influence of the bulk density on the electrical conductivity (R² = 0.52) is clearly less than the influence of the water content. However, it should be noted that a pressure load of 75 kg, which equates a load of 39.3 g cm -², does not reflect natural soil consolidation conditions. At the test site, the lowest value of bulk density of 1.38 g cm -³ (Table 3 ) was measured at the subsurface (depth of 10 cm) within this silty material. All bulk densities, measured in the laboratory in the course of this first consolidation step (75 kg) are beneath 1.21 g cm -³. According to the bulk density classification (Ad-hoc-AG-Boden, 2005) most of the values measured in the field are ranging within 'medium' bulk densities, whereas the bulk densities of the first consolidation step are almost all 'very low'. If only the data of the three heavy pressure loads would have been used, the correlation coefficients will become higher. With this update the impact of the bulk density on the electrical conductivity increases R² from 0.52 to 0.63 and also the influence of the water content on the thermal conductivity rises R² from 0.72 to 0.81.
Besides the bulk density other data was collected in the field within three 1.5 m deep test pits (Table 3 ). The insitu measured EC 25 ranges from 0.0125 to 0.048 S m -1 for the profile of all three test pits. Simultaneously, the thermal conductivity was about 1.1 W m -1 K -1 directly at the surface and about 1.6-2.2 W m -1 K -1 from the subsurface until a depth of 1.5 m. 
Fig. 4. Water content in comparison with EC at 25°C (a), and thermal conductivity (b). Bulk density correlated to the EC at 25°C (c), and the thermal conductivity (d).
T a b l e 3. In-situ measured parameters of the silty loam soil which was used in the laboratory. These measurements were collected within three test pits. Because the values of the electrical conductivity are gained from two dimensional ERT measurements at the surface, there is no result for each depth available In Fig. 5 the interaction of the electrical and the thermal conductivity as well as the different saturation steps and the four pressure loads is shown in one graph. It reveals that the rising water content and the raising consolidation steps have a significant influence on the electrical and the thermal conductivity. Within the nearly unconsolidated pressure load of 75 kg of each saturation step, both conductivities stay at relatively low values, in contrast to the other consolidation steps. This gap between the low weight pressure load and the other three loads is explicit within higher saturation steps. The thermal conductivity at the highest possible saturation step does not rise over 1 W m -1 K -1 at nearly unconsolidated conditions. On the other side, the thermal conductivity of the second saturation step reaches values above 1 W m -1 K -1 already with the influence of the higher pressure loads (3 000 and 5 000 kg). The electrical conductivity shows a similar significant increase to higher saturation steps. The values of the unconsolidated soil material (first pressure load) only reach around 0.025 S m -1 , whereas the compacted material reach approximately 0.06 S m -1 . The difference within each conductivity between the more compacted three consolidation steps (1 000, 3 000, and 5 000 kg) is less, but there is still a stepwise increase with incremental pressure load (Fig. 5) . Focusing only on the water content the electrical conductivity increases sharply within high saturation steps, between the set gravimetrical water content of 17.5 and 20%, respectively. Instead, the thermal conductivity increases more linear.
The measured temperature inside the tested soil material ranges between 16.51 and 19.25°C. For receiving the EC 25 values the resulting factors ƒ t are ranging from 1.132 to 1.205. So regardless the varying temperature, the correlations or rather the correlation coefficients (Fig. 4) of the apparent EC would have been approximately the same. The measured bulk densities are provided within Fig. 4 , whereas in Fig. 5 the pressure loads, created in the laboratory, are displayed. It has to be considered that identic pressure loads within the incremental saturation steps are resulting in different bulk densities because of a varying soil compaction behavior inter alia due to an increasing water content.
DISCUSSION
After the classification of the bulk density according to Ad-hoc-AG-Boden (2005) the major proportion is in the 'medium' range. Only the bulk densities which were determined within the nearly unconsolidated soil material are in the 'very low' range. Within the condition of a 'very low' bulk density both conductivities are low, too. These results show how important soil compaction is especially after the removal and backfilling of soil material within projects like the installation of very shallow geothermal systems.
For the EC measurements a small device with a spacing of 5 cm was used. A smaller spacing which was used and recommended by Kaufhold et al. (2014) was evolved for clay measurements only. The developed laboratory setup had the intention to measure different kinds of soil material with an unsusceptible configuration which can deal with a more practicable 2 cm electrode penetration depth. Another reason for a slightly increased spacing is to get a better average value within inhomogeneous materials. On the other side, the small device should still fit upon the volume of 50 l without generating boundary effects. The soil temperature was taken into account within the temperature factor for the EC 25 . Due to a lack of real temperature variations within the performed measurements no impact of the temperature on the electrical or thermal conductivity could have been identified although there should be an effect (Bai et al., 2013 , Giordano et al., 2013 . For the thermal conductivity there are at least equations for unfrozen and frozen conditions (Kersten, 1949) . Basically, within this case study only unfrozen conditions were taken into consideration.
For very precise results regarding the EC values, the penetration depth of the electrode tips as well as the spacing should be considered by using the geometrical K-factor correction within Ohm law (15) (Kaufhold et al., 2014) , where R is the electrical resistivity, V is the voltage measured across the soil material and I is the current going through the material. Due to the uniform spacing a, by using the Wenner array at the surface of an infinite half space, the geometrical K-factor is calculated like in Eq. (16):
According to Kaufhold et al. (2014) , it seems that the K-factor has little influence on the electrical resistivity using these small-scale devices with a spacing around 5 cm. In another study, regarding different penetration depths of electrodes between 0.1 and 6 cm, the electrical conductivity varies in such a small range that it is practically the same (Giao et al., 2003) . As a result the developed laboratory setup regarding the EC measurement device with a spacing of 5 cm and a penetration depth of 2 cm seems to be a practicable solution.
The correlation coefficients displayed in Fig. 5 reveal that the derivations, from Kersten (1949) for the thermal conductivity as well as the relationship from Rhoades et al. (1999) for the electrical conductivity, are based at least on two soil properties which have significant influence regarding both conductivities. Out of these two soil properties, expressed by bulk density and water content, the porosity and the grade of saturation can be determined (Eqs (11) and 12)). By considering only the water content and the bulk density, four soil parameters have been included already, also within the mentioned relationships from Kersten (1949) and Rhoades et al. (1999) . Considering the measured results the bulk density and the water content seem to have a similar effect on the thermal conductivity. Whereas the water content has apparently a more dominant influence on the electrical conductivity than the bulk density. Although, the bulk density also has a significant influence on the electrical conductivity. However, there are differences within the significance of the influence of the water content and the bulk density on the electrical and the thermal conductivity. The impact of the water content on the electrical conductivity seems higher than on the thermal conductivity. That implies that the electrical conductivity is not directly related to the thermal conductivity. It is still to clarify if this can be solved and described by a general relationship only depending on the grain size distribution like in Eq. (10) (Singh et al., 2001) or if more soil properties should be included. To check the impact of the granulometry within the context of this laboratory setup further investigations with different soil materials are in process of planning.
To check the comparability between the in-situ measurements and the laboratory setup, the collected data especially the EC 25 values should be in the same range. Within this study a comparison of the in-situ (Table 3 ) and the laboratory measurements (Table 2) shows that the values are in the same range. Because of the relatively small scaled device and the volume of 50 l testing material, the boundary effect on EC measurements is eliminated to a largest extent. Due to the minimized boundary effects the comparability of EC measurements following the developed laboratory setup and in-situ field measurements is ensured.
With regard to the large volume of testing material no extra calibration is needed and unnecessary errors can be avoided. Hence, the presented laboratory setup provides reliable statements and recommendations about field conditions.
With the indicated laboratory setup soil properties such as bulk density, grain size distribution, moisture content, and their effects on the electrical and thermal conductivity should be seen under the umbrella of a holistic approach. Due to the laboratory conditions it is possible to bring the different soil properties in one context which enables more reliable recommendations on their interactions and their possible influence within the soil body. CONCLUSIONS 1. The laboratory setup provides the possibility to receive results comparable to in-situ field measurements.
2. Within the developed laboratory setup laboratory standard test methods are used for evaluating thermal conductivity, bulk density, and water content. By integrating the small-scale geoelectrical device into the mentioned laboratory setup it is also possible to generate corresponding electrical resistivity values.
3. The water content as well as the bulk density has a significant influence on the electrical and thermal conductivity.
4. The water content has a more dominant influence on the electrical conductivity than the bulk density.
5. The impact on the thermal conductivity of the water content and the bulk density is very similar.
6. Nearly unconsolidated soil material has a significantly reduced electrical and thermal conductivity. So, the compaction of the soil material within the backfilling process is essential for very shallow geothermal projects.
7. In the context of this laboratory setup further investigations regarding the dependence between the electrical and the thermal resistivity with different soil materials have to be performed.
